The formation of the hippocampus appears to be essential for certain forms of learning and memory. Several studies have suggested that dentate granule cells play important roles in associative learning. [1] [2] [3] Destruction of dentate granule cells with colchicine, or their selective loss following longterm adrenalectomy causes spatial memory deficits and impairments in several learning tasks. [1] [2] [3] This memory deficit has been shown to correlate with a loss of dentate granule cells. The dentate gyrus is known to be one of the few regions in the adult mammalian brain that exhibit ongoing neurogenesis. The production of dentate granule cells occurs continuously, even after birth. Their precursors divide in the subgranular proliferative zone at the border of the granule cell layer and the hilus. A proportion of the newborn cells differentiate into neurons, migrate into the granule cell layer, and project to the CA3 region of the hippocampus. Several lines of evidence have suggested that newly generated granule cells play a role in cognition and brain repair. 2, 4, 5) Furthermore, it has already been reported that cultured dentate granule cells provide a faithful and useful model of mossy fiber sprouting. 6) Although dentate granule cells play important roles in hippocampal functions, the electrophysiological properties of these cells have not been clarified sufficiently. Both in situ hybridization and immunocytochemical experiments have demonstrated that the level of L-type Ca 2ϩ channel subunit expression is higher in the dentate granule cell layer than in any other area of the hippocampus. 7) Thus, it is very important to characterize in detail the Ca 2ϩ currents that arise through voltage-gated Ca 2ϩ channels (VGCCs) in dentate granule cells if we are to understand their physiological and pathological relevance.
Oxidative stress is implicated in a variety of physiological and pathophysiological processes such as immune defense, ischemia, and neurodegenerative diseases (e.g., Alzheimer's disease, AD). [8] [9] [10] [11] Oxidative stress arising from excessive production or decreased clearance of reactive oxygen species (ROS) can result in the accumulation of ROS, cellular damage, and eventual cell death. Indeed, the molecular and cellular events underlying the neuronal death induced by oxidative stress have been clarified in the HT-22 hippocampal cell line and in cortical neurons. [12] [13] [14] Levels of lipid peroxidation are increased in the brain of AD patients, and the levels of thiobarbituric-acid-reactive substances are elevated in most regions of the AD brain compared with controls. 15) One of the lipid peroxidation products, 4-hydroxynonenal (4HN), has been shown to play important roles in the neuronal cell death associated with many different neurodegenerative diseases, such as AD, 8, 9) Parkinson's disease, 16) and sporadic amyotrophic lateral sclerosis. 17) Several studies have shown that 4HN is generated in response to oxidative insults and can induce neuronal apoptosis. [18] [19] [20] Furthermore, it has been demonstrated that the mechanisms underlying the neuronal damage induced by 4HN involves the disturbance of ion homeostasis. 9) Despite the importance of 4HN-induced neuronal damage, the modulation of Ca 2ϩ -channel activity by 4HN has not been adequately studied in dentate granule cells.
In order to clarify this issue, we employed a dissociated cell culture system of dentate granule cells, the whole-cell patch clamp technique, characterized the properties of the Ca 2ϩ current in dentate granule cells, and investigated whether and how 4HN could affect the current in these cells.
MATERIALS AND METHODS
All experiments in this study were performed in accordance with the guidelines of the National Institute of Health Sciences.
Cell Culture Unless otherwise specified, neurons were cultivated in Neurobasal medium (Life Technologies, Gaithersburg, MD, U.S.A.) supplemented with 73 mg/ml L- 2؉ channels were blocked by application of nifedipine, the enhancement was completely canceled, whereas application of w w-conotoxin-GVIA or w w-agatoxin-IVA, blockers of N-and P/Q-type Ca 2؉ channels, respectively, had no effect. These results suggest that 4HN modulates L-type Ca 2؉ channels in the dentate granule cells, and thereby plays a role in the physiological and pathophysiological responses of these cells to oxidative stress.
glutamine (Wako, Osaka, Japan) and 2% B-27 supplement (Life Technologies). Three-to 4-d-old Wistar rat pups (Nihon SLC, Shizuoka, Japan) were deeply anesthetized with ether, and the hippocampi were removed. The dentate gyrus was dissociated from the hippocampus with extreme care and under visual control. The dentate gyrus was cut into pieces, which were then treated with 0.25% trypsin (Difco, Detroit, MI, U.S.A.) and 0.01% deoxyribonuclease I (Sigma, St Louis, MO, U.S.A.) at 37°C for 30 min. The incubation was terminated by addition of heat-inactivated horse serum (HS; Cell Culture, Cleveland, OH, U.S.A.). The tissue fragments were centrifuged at 1200 rpm for 5 min. The supernatant was removed and the pellet was suspended in a mixture of 50% Neurobasal medium/B-27 supplement and 50% astrocyteconditioned medium (ACM), which was prepared according to Ikegaya et al. 6) In general, cultured astrocytes are known to posses a range of neurotrophic activities in culture and have been found to express mRNA for neurotrophic factors such as ciliary neurotrophic factor, nerve growth factor, and neurotrophin 3.
21) The suspension was gently triturated until visibly dispersed, and then filtered through a nylon net. The cells were plated at a density of 2.0ϫ10 4 cells/cm 2 onto round, 13-mm-diameter glass cover slips (Matsunami, Osaka, Japan) that had been coated with polyethyleneimine (Sigma). In order to support the adhesion and survival of neurons, we used the culture medium containing ACM for 24 h after the plating. The culture medium was changed to ACM-free Neurobasal/B-27 medium thereafter. The cultures were maintained in the same medium at 37°C in a humidified incubator with 5% CO 2 -95% air. The medium was replaced twice a week. Experiments were performed with cultures that had been maintained for 7 d.
Immunocytochemistry Twenty-four hours before the preparation of cell cultures, the rat pups were injected intraperitoneally with 5-bromo-2Ј-deoxyuridine (BrdU, 100 mg/kg body weight, in saline; Wako). Seven days after the dissociation, cells were fixed with 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4) for 30 min at 4°C. For DNA denaturation, cells were incubated in 2 M HCl for 30 min at room temperature, rinsed twice with PBS, and incubated in 0.1 M Tris-HCl (pH 7.5) for 5 min. After two washes with PBS, cells were incubated for 1 h in PBS containing 2% normal HS and then incubated overnight at 4°C in primary antibody (mouse anti-BrdU; Roche, Mannheim, Germany) diluted in the HS-containing PBS. After washing three times with PBS, cells were incubated in secondary antibody (biotinylated horse anti-mouse; Vector Laboratories, Burlingame, CA, U.S.A.) diluted in the HS-containing PBS for 1.5 h and then rinsed three times with PBS. Endogenous peroxidase activity was blocked by incubating the cells in 0.3% H 2 O 2 dissolved in methanol for 1 h. After washing three times with PBS, cells were incubated in avidin-biotin-peroxidase complex (ABC Elite kit; Vector Laboratories) for 1 h and then rinsed a further three times with PBS. The BrdU labeling was visualized using 3,3Ј-diaminobenzidine tetrahydrochloride (DAB; Wako). Cells were preincubated for 5 min in DAB dissolved in PBS (0.2 mg/ml) without H 2 O 2 , followed by addition of H 2 O 2 solution (final concentration, 0.01%). The peroxidase reaction was allowed to proceed for about 5-10 min. Cells were washed repeatedly in PBS, and then rinsed with water. To count BrdU-labeled cells, at least three areas (each 211ϫ317 mm 2 ) were selected randomly for each sample.
Electrophysiology Whole-cell recordings were made with the aid of glass patch pipettes (2-5 MΩ) filled with 100 mM CsCl, 2 mM MgCl 2 , 10 mM EGTA, 10 mM N-(2-hydroxyethyl) piperazine-NЈ-ethanesulfonic acid (Hepes), 15 mM tetraethylammonium chloride, 5 mM Mg-ATP, 20 mM creatine phosphate, and 50 U/ml creatine kinase (the pH was adjusted to 7.3 with CsOH). The external solution contained the following: 130 mM NaCl, 5 mM CaCl 2 , 2 mM MgCl 2 , 10 mM Hepes, 10 mM glucose, 5 mM 4-aminopyridine and 500 nM tetrodotoxin (the pH was adjusted to 7.4 with NaOH). Membrane currents were recorded under voltage-clamp conditions using a patch-clamp amplifier (Nihon Kohden, Tokyo, Japan) and data acquisition/analysis software (pCLAMP; Axon Instruments CA, U.S.A.), with filtering at 1 kHz. All of the experiments were performed at room temperature.
Drugs and Their Application The pharmacological properties of the Ca 2ϩ current in dentate granule cells were studied by adding the appropriate drugs to the external solution. Nifedipine (Sigma) was prepared as a 500ϫ stock solution in ethanol. Ni 2ϩ and Cd 2ϩ were freshly prepared daily. In some recordings, Ba 2ϩ was used as a charge carrier instead of Ca 2ϩ . 4HN (Cayman Chemical, Ann arbor, MI, U.S.A.) was prepared as a 1000ϫ stock solution in ethanol. w-Conotoxin-GVIA and w-agatoxin-IVA were purchased from Peptides Institute (Osaka, Japan) and prepared as 100 mM stock solutions in saline. The effects of 4HN on the Ca 2ϩ current were studied using 4HN added to Locke's buffer (154 mM NaCl, 5.6 mM KCl, 2.3 mM CaCl 2 , 1.0 mM MgCl 2 , 3.6 mM NaHCO 3 , 10 mM glucose, and 5 mM Hepes, pH 7.2), according to the method described by Mark et al. 9) Immediately before experimental treatment, the culture medium was replaced with Locke's buffer. In all experiments, an equivalent volume of vehicle was added to control cultures.
RESULTS

Identification of Dentate Granule Cells
The vast majority of neurons in the dentate gyrus of the hippocampus are granule cells, 22) but contamination by a small number of pyramidal cells or interneurons is still possible. To exclude this possibility, we carefully identified dentate granule cells in a prepared cell population based on their size and morphology. Phase-contrast photographs of dentate gyrus cell cultures are shown in Fig. 1A . In these cultures, we observed quite a large number of dentate granule cells, which have small and round or oval cell bodies (Fig. 1A, middle) . These cells possessed one or two thin processes. In the same cultures, a subpopulation of neurons different from dentate granule cells was identified. This subpopulation included neurons displaying a pyramidal-cell-like shape (Fig. 1A,  right) or a nongranule-cell-, nonpyramidal-cell-like shape (data not shown). To compare granule cells with the remaining neurons, the width and the length of their cell bodies were measured, and the results are summarized as histograms (Fig. 1B.) In our cell cultures, neither the width nor the length of the cell bodies of the total cell population exhibited a Gaussian distribution (Fig. 1B, top) . However, the population of dentate granule cells, selected by the visual criteria stated above, exhibited a Gaussian distribution (Fig. 1B, mid- dle). For these granule cells, the averaged cell body width and length were 8.6Ϯ0.1 mm and 10.4Ϯ0.2 mm, respectively (meanϮS.E.M., nϭ198). The width and the length of the cell bodies of the remaining "non-granule cells" were 13.5Ϯ 0.5 mm and 19.4Ϯ0.7 mm, respectively (nϭ110).
Although most mammalian neurons are formed before birth, the production of dentate granule cells continues until adulthood. To examine whether the dentate granule cells identified by our criteria exhibited neurogenesis, we quantified newly generated neurons using BrdU immunochemistry method. As shown in Fig. 1C , we observed BrdU-labeled dentate granule cells, indicating that newly generated dentate granule cells existed in the cultures. From the quantitative analysis, 14.1Ϯ2.7% (meanϮS.E.M.) of total dentate granule cells were BrdU positive. These results suggest that the dentate granule cells in our cell cultures possessed characteristics similar to those identified in vivo with respect to their shape, size, and capacity for neurogenesis, and that dentate granule cells can therefore be distinguished using our criteria.
Whole-cell Ca 2؉ Currents in Dentate Granule Cells Electrophysiological experiments were performed on the cultured dentate granule cells. In many peripheral and central neurons, Ca 2ϩ currents can be grouped according to their activation thresholds into low-voltage-activated (LVA) or highvoltage-activated (HVA) Ca 2ϩ currents. The LVA currents are activated at between Ϫ70 and Ϫ40 mV and inactivate rapidly. The HVA currents are activated at around Ϫ30 mV and inactivate slowly. 23 ) Ca 2ϩ currents elicited in cultured dentate granule cells by depolarizing voltage steps between Ϫ50 and 80 mV are shown in Fig. 2A . The voltage steps were applied for 100 ms from a holding potential of Ϫ50 mV. Ca 2ϩ currents were activated at Ϫ30 mV and more positive potentials, and the maximal current was observed at 0 mV (Ϫ459.3Ϯ58.1 pA; meanϮS.E.M. nϭ26; Fig. 2B ). The current activated by a 1-s depolarizing voltage step exhibited a clear decay, and this decay was analyzed by fitting monoexponential functions (Fig. 2C) . The time constant for the decay at 0 mV was 223.0Ϯ27.3 ms (nϭ10).
The HVA currents are characterized by a much higher permeability for Ba 2ϩ than for Ca 2ϩ . 24 ) Substitution of Ca 2ϩ by an equimolar concentration of Ba 2ϩ increases the amplitude of the HVA currents. In the cultured dentate granule cells, the current amplitude was increased by 56.0Ϯ13.1% (nϭ6) at a test pulse of 0 mV when 5 mM Ca 2ϩ was replaced by 5 mM Ba 2ϩ (Fig. 3A) . Inorganic ions such as Ni 2ϩ or Cd 2ϩ are potent blockers of various types of Ca 2ϩ currents. While such divalent ions cause a relatively nonspecific block at concentrations in the millimolar range, 25, 26) they show some specificity when used in the micromolar concentration range. In most neurons, 30 mM Cd 2ϩ blocks selectively the HVA currents, while the LVA currents remain almost unaffected. In contrast, 50 mM Ni 2ϩ preferentially reduces the LVA currents. Figure 3B shows the effect of 50 mM Ni 2ϩ on the Ca 2ϩ current elicited by a test pulse to 0 mV. The Ca 2ϩ current was reduced by 9.4Ϯ6.9% on average (nϭ6). With 30 mM Cd 2ϩ , the Ca 2ϩ current was decreased by 87.8Ϯ3.4% (nϭ5; Fig. 3C ). Nifedipine, a dihydropyridine HVA Ca 2ϩ -current blocker, depressed the Ca 2ϩ current by 33.8Ϯ6.2% (nϭ8; Fig. 3D ).
Effects of 4HN on Ca
2؉ Currents in the Dentate Granule Cells Pretreatment of dentate granule cells with 1 mM 4HN for 2 h resulted in a significant increase (58.1Ϯ14.4%) in the amplitude of the Ca 2ϩ current. The current amplitude was increased by 28% in neurons exposed to 10 mM 4HN (Fig. 4) . The current-voltage relationships in the absence or presence of 4HN showed that the voltage dependence remained unchanged in neurons exposed to 4HN (Fig. 4B) . Cultured hippocampal neurons express VGCCs of the L, N, and P/Q types, and the majority of the whole-cell Ca 2ϩ current is attributed to L-type Ca 2ϩ channels. 27, 28) To determine which types of VGCCs were affected by 4HN, we employed pharmacological agents that block specific channel types. In control cultures, addition of 3 mM w-conotoxin-GVIA, a blocker of N-type Ca 2ϩ channels, 2 mM nifedipine, a blocker of L-type Ca 2ϩ channels, and 0.3 mM w-agatoxin-IVA , a blocker of P/Q-type Ca 2ϩ channels, resulted in 20.7, 34.8, and 23.0% decreases in the amplitude of the Ca 2ϩ current, respectively (Fig. 5B) . In 4HN-treated neurons, w-conotoxin-GVIA caused a 16.4% decrease, nifedipine caused a 90.0% decrease, and w-agatoxin-IVA caused a 22.8% decrease in the amplitude of the Ca 2ϩ current (Fig. 5B) . These results suggest that the increase is due mainly to an increase in a current that is mediated through L-type Ca 2ϩ channels.
DISCUSSION
In the present study, a dissociated culture system rich in dentate granule cells obtained from postnatal rats was employed to characterize their electrophysiological properties. Although effective electrophysiological studies using adult hippocampal slices have been reported recently, we employed a cell culture system using dissected dentate gyrus and identified dentate granule cells, which we have used previously to examine the effects of 4HN on cell death in various neuronal preparations such as cultured hippocampal neurons, 20) PC12, 19) and cultured cerebellar granule neurons; 18) we have also used this protocol for a preliminarily study of cultured Ammon's horn neurons and dentate gyrus neurons (our unpublished data). Similar culture approaches using dentate gyrus cell have already been reported, 29, 30) and the dentate granule cell culture system has been already shown to be a faithful and useful model of mossy fiber sprouting.
6) However, there have not been sufficient analyses of cell properties to allow the identification of dentate granule cells in these studies. In the present study, we carefully identified dentate granule cells, and then used these cells for the subsequent investigations. The cells used for the electrophysiological investigations were small in size and round or oval in shape. Their morphological characteristics are consistent with those that have been reported for dentate granule cells. 29) Moreover, the cells were stained with BrdU, a marker of dividing cells, indicating that they possessed the capacity for neurogenesis after birth. These results suggest that the identified cells were indeed dentate granule cells. Therefore, the dentate granule cells identified by our criteria were chosen for experiments including electrophysiological analyses.
High levels of subunit expression of L-type Ca 2ϩ channels have been found in the dentate granule cell layer. 7) In the present study, we investigated the basic properties of the Ca 2ϩ current using dentate granule cells. -channel antagonist, blocked a large proportion of the current. These findings are consistent with a high expression of the L-type Ca 2ϩ channel shown by in situ hybridization and by immunocytochemical studies. 7, 34) In the present study, two types of dentate granule cells [i.e. BrdU positive (newly generated type) and BrdU negative (relatively mature type) cells] have been found. Although technical limitations prevented us from being able to distinguish between them in electrophysiological experiments, we did not observe any significant differences throughout the electrophysiological experiments. Further detailed investigations using different experimental techniques will be necessary to clarify this problem.
Oxidative injury to neurons in regions responsible for learning and memory processes, such as the hippocampus, is believed to play a role in the pathogenesis of AD. 8, 10) Furthermore, 4HN has been shown to play important roles in the neuronal cell death induced by oxidative insults. Although recent reports have demonstrated that oxidative stress modulates the activity of several types of channels in cultured hippocampal neurons and adult rat hippocampal slices, 35, 36) the effects of 4HN on the Ca 2ϩ current in dentate granule cells are unclear. In the present study, the amplitude of the Ca 2ϩ current in 4HN-treated dentate granule cells was significantly larger than in the untreated cells. When L-type Ca 2ϩ channels were blocked by nifedipine, the current augmentation by 4HN was canceled, whereas the blocking of N-or P/Q-type channels by w-conotoxin-GVIA or w-agatoxin-IVA, respectively, had no effect. It has been reported that the blocking of L-type Ca 2ϩ channels attenuates amyloid b protein (Ab)-induced cell death, 37, 38) whereas the blocking of N-or P/Q-type Ca 2ϩ channels have little effect. 39) In addition, this Ab-induced influx of Ca 2ϩ is mediated by free radicals. These findings also suggest that oxidative stress increases the Ca 2ϩ influx mediated through L-type Ca 2ϩ channels. In the present study, 1-10 mM 4HN significantly enhanced the Ca 2ϩ current. These concentrations of 4HN are compatible with those that have been measured in hippocampal neurons after exposure to Ab.
9) The exact mechanisms whereby 4HN selectively enhances the nifedipine-sensitive Ca 2ϩ current in cultured dentate granule cells remain to be elucidated. Currents that originate through VGCCs are known to be increased by the phosphorylation of channel a subunit proteins. Tyrphostins, a family of protein tyrosine kinase inhibitors, protect the nerve cell line HT-22, as well as rat primary neurons, from the cell death induced by oxidative toxicity. 14) In addition, the levels of phosphorylation of the NMDA receptor subunit NR1 are increased in neurons exposed to 4HN. 40) 4HN may directly or indirectly increase phosphorylation of the a subunit of L-type Ca 2ϩ channels. L-type Ca 2ϩ channels are abundant in dentate granule cells, and so the augmentation of these channels by 4HN may be implicated in pathophysiological processes. 
